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3D ANALYSIS OF MICROCOLUMNAR ORGANIZATION IN THE 
PREFRONTAL CORTEX OF THE MONKEY 
 
JOCOLL ALEXIS BURGESS  
ABSTRACT 
 Its known that the age-related decline in cognitive facilities is not due to the loss 
of neurons but more subtle changes in specific areas of the brain. Structural and 
morphological changes in cellular alignment in the minicolumns correlate with increased 
prevalence of neurological diseases and in aging.  In the rhesus monkey, cognitive 
decline is similar to what humans experience in aging.  In the monkey prefrontal cortex, 
Brodmann area 46, an important region for executive functioning, cognitive decline 
correlates with changes in cellular alignment or “columnar strength” as studies by Cruz et 
al., (2009). Using the density maps method in Area 46, the ventral bank was identified to 
be the most susceptible to structural changes. Minicolumns, are defined by the cellular 
alignment of neurons in the cortex and some believe that the dendritic bundles of neurons 
in the cortex is also considered an integral part of the columns. The functional role of 
apical dendrites, is not well understood, however, given the that repeated organized 
bundles transverse through the laminae could be further support for their inclusion in 
minicolumns with possible functional importance. If structural changes such as loss of 
columnar strength (neuronal displacement) that correlates with cognitive aging, it is 
possible that the dendritic organization may also be affected in this area.   In this thesis, it 
is hypothesized that the dendritic bundles in this area could also be related to the 
  v 
cognitive deficits associated with normal aging. Using double- fluorescence labeling for 
dendrites (MAP-2) and neurons (Neu-N), 3D confocal reconstructions of the dorsal and 
ventral banks of Area 46 were used to investigate structural/morphological changes in the 
dendritic bundles in young and old rhesus monkeys. While cortical thickness and apical 
dendritic length between both banks did not change, we found a significant increase in 
inter-bundle spacing at layer 6A in the older monkeys in the ventral bank. Inter-bundle 
spacing for bundles in layer 5 was measured and showed that the young consistently have 
smaller inter-bundle spacing. Future studies with larger sample size will also investigate 
whether changes in dendritic bundles and their organization also correlate with age-
related cognitive deficits.  
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INTRODUCTION 
 
 In the brain, a repeatable pattern of anatomical structures and organization 
is present in the neocortex. The neocortex has 6 laminae from pia to white matter. These 
layers will receive and project synaptic signals to either other cortical areas, brain 
structures, or provide a loop back to its original location. It was first documented by 
Brodmann, using Nissel staining, that within specific areas of the cortex, the cellular 
composition and organization of neurons was not uniform and in fact was heterogeneous 
in the human and primate brains. (Brodmann, 1909). This discovery led to the 
development of Brodmann areas, which is still referred to by many neuroanatomists. 
However, it was still not fully understood how cells where able efficiently communicate 
with each other. Later, with physiological advancements, bridging the connection of 
functional and anatomical structures became possible.   
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Columns 
In (1957) Mountcastle published his revolutionary findings describing how 
cellular organization in the somatosensory cortex in the felines formed what he described 
as macrocolumns. His observation in the somatosensory area demonstrated cells respond 
in unison whether in a deep (joint, fascia) or superficial (skin, hair) to stimulation by 
placing a vertical (to the pia) electrode (Mountcastle, 1995). From his findings he 
hypothesized that there is an elementary unit of organization in the somatic cortex made 
up of a vertical group of cells extending through all the cellular layers’ (1957, p. 430). 
This observation gave birth to the concept of receptive fields and sensory modalities. He 
then coined the term ‘column’ to describe the vertical arrangement of neurons. This term 
has been adopted and holds loosely as not the only ideology for defining the 
neuroanatomical structure of a column. Over the years many researchers have challenged 
and added to the overall idea of what constitutes as a neuronal column in literature. 
In the 1960s, ocular dominance columns were identified by Hubel and Wiesel in 
cats and the macaque (Hubel & Wiesel, 1968). Their landmark experiments, using cell 
physiology, allowed researchers to link anatomical structures and function based on the 
vertical arrangement of neurons in the primary visual cortex (Broadmann area 17). The 
columns in the visual cortex were most sensitive to the orientation of lines, where the 
highest cellular activity was observed. 
Columns within the cortex are a considered a complex unit which can be divided 
into macrocolumns, minicolumn, and apical dendrites (Rockland & Ichinohe., 2004). Due 
to this broad definition, there are limitations to the overall idea of what a column is due 
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the vagueness in defining its structure along with recognizing other structures that run 
near the columns. Current literature now refers to columns as two separate entities, 
minicolumns and macrocolumns. Minicolumns are much smaller vertical organization of 
neurons in the cortex with an estimated diameter of 30 to 50 micrometers for monkeys, 
while on a larger scale, the macrocolumn is estimated ranch from 300 to 500 micrometers 
for monkeys (Jones 2000; Rockland and Ichinoche, 2004; Horton and Adam, 2005). 
Since the morphological architecture for columns are present in the cortex, any 
disruptions in columnar anatomical organization may led to neurological diseases and age 
related cognitive decline.  
Neuronal Migration 
The formation of the minicolumns is not well understood, however, scientist 
believe that the cellular migration of the neonatal cortex is pivotal for cellular columns 
organization (Rockland, 2002). Within the central nervous system, there are two forms of 
neuronal migration: radial and tangential. Most neurons in the central nervous system are 
generated from radial glial (Gotz & Huttner, 2005, Brown, et al 2011). The 
neuroepithelial cells which are the progenitor cells for neurons, will express glial 
fibrillary acidic protein (Levitt & Rakic, 1980). After birth, excitatory neurons will 
migrate radially from the ventricular zones (VZ) in the direction of the radial glial 
processes (Kriegstein & Noctor, 2004). It was long believed that the excitatory neurons 
only move vertical towards the pia surface (Tilney 1933). However, neurons can adopt a 
multipolar shape when they reach the subventricular zones (IZ/SVZ) and change their 
orientation before resuming their radial migration (Tabata & Nakajima, 2003). 
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Postnatally, cellular organization has begun, along with the possible structural outline of 
columns. With the migration of neurons in the ventricular zone towards the pia, many 
researchers have hypothesized that minicolumns organization is essential during the 
critical developmental processes. With this repeated structural organization seen in many 
species, it is evident that the structural integrity of columns is important for healthy brain 
functions. Structural changes in column organization could be a contributing factor for 
the development of neurological diseases and cognitive impairments associated with 
increased age. 
Aging and Cognition 
With an increasing incidence for dementia in humans between the ages 65 and 90 
years and doubling every 5 years (Jones & Jolly., 1998), understanding possible 
underlying factors that contribute to cognitive impairments in normal aging is critical. 
Cognitive deficits, associated with aging relates to changes in the different divisions of 
memory; episodic, semantic, procedural, and working. Episodic and semantic memory 
are the two major types of memory that are adversity affected. Episodic memory was 
reported to decline throughout the middle age and onward (Nyberg, Oxford University 
Press). While semantic memory will increase during the middle age and quickly decline 
after reaching 60 years and older (Nyberg). It was once proposed that a decrease in 
neuronal density was the cause of cognitive decline seen with age (Tilney, 1933). Work 
done in Peters lab (1998a) as well as others (Mortazavi et al., 2017) have consistently 
shown that there is no significant loss of cortical neurons in normal aging and that earlier 
investigators came to this incorrect conclusion due to an error with their technique for 
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cell counting (Peters et al., 1998a). Methodological staining methods were thought to be 
at the basis of previous observations of cell loss. Better methodological approaches such 
as stereological quantification of neurons have now confirmed that there is no cell lose 
during normal aging.   
Evidence suggests that decline in memory and cognitive capacities that are 
observed in normal aging are not due to cell loss. Changes in brain volume have been 
noted for individuals over the age of 40, with a 5% decrease in brain weight 
(Svennerholm et al., 1997) and the loss in volume is further exacerbated over the age of 
70 (Scahill et al., 2003). For any cell death that occurs some, dendritic sprouting can help 
to compensate cell loss (Anderton., et al 1998). However, with a decrease in dendritic 
synapses and, a loss of plasticity can greatly affect for cellular communication (Barnes., 
et al 2003). Therefore, it is plausible that structural changes due to aging could be an 
underlying mechanism for cognitive deficits. Cruz and colleagues (2009) decided to look 
at the morphological differences in minicolumns organization in dorsal and ventral sulcus 
of Brodmann area 46, an area that is critical for executive functions, in the primate brain 
(2009). They found apparent differences in age for decrease neuronal strength or 
alignment only in the ventral bank of area 46, which also correlated with an increase in 
cognitive impairments. The microcolumn structure and spacing has now been identified 
to be impaired in a vast array of neurological diseases including autism (Casanova et al., 
2002a), dyslexia (Casanova et al., 2002b), Alzheimer’s (Chance et al., 2011), 
Schizophrenia (Buxhoeveden et al., 2000b), and Lewy Body dementia (Buldyrev et al., 
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2000). In addition, it has been shown that there could be age related disruption of 
orientation discrimination in the visual cortex of aged monkeys (Leventhal et al 2003).  
An important question to ask is whether other structural alterations are present in 
the dorsal and ventral banks of BA 46 for normal aging beyond loss of columnar strength 
in area 46. The rhesus monkey (Macaca mulatta) is a good animal model for studying 
aging because they do not develop senile plaques compared to humans. This model also 
allows for an appropriate model for age comparison studies against humans. The 
corresponding ratio in age for macaque monkey is 1:3 in humans. Similar developmental 
ages between the rhesus monkey and humans regarding sexual maturation correspond to 
13-15 for the humans and at 5 years of age for the monkey. Not only does this animal 
mode not accumulate senile plaques, they also show a maximum lifespan to about 35 
years (Tigges et al., 1988), which is equivalent to 105 in humans. Unlike humans, these 
monkeys do not develop Alzheimer's disease which phenotypically expresses 
neurofibrillary tangles (Brion et al., 1998). Due to the lack of senile plaque and 
neurofibrillary tangles buildup, this animal model allows researcher to look at the 
morphological and anatomical changes in the rhesus monkey brain with limiting 
confounding variables normally associated with human studies.    
Area 46 in the Rhesus Monkey 
The importance of area 46 is pivotal in its mediation of executive function 
towards working memory (Luebke et al., 2010). This area is essential for everyday 
functions such as daily actions and have been shown to be the first areas to become 
affected with decline in cognitive performances during aging in humans (Fisk and Sharp., 
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2004; Sorel and Pennequin., 2008) and in non-human primates (Steere and Arnsten., 
1997; Voytko., 1999, Moore et al., 2003; Moore et al., 2006). Previous studies have used 
the visual reversal learning tasks to measure performance on executive functioning for 
rhesus monkey. This technique was first implemented by Batrus and colleagues and 
showed a significant impairment in learning for the aged rhesus monkeys (Bartus et al., 
1979).  It was later found that there were no differences in the initial learning of object 
reversal tasks between young and old rhesus monkey, but aged monkeys showed 
impairments in spatial but not object reversals tasks (Lai et al., 1995a).  Another study 
tested the cognitive impairments in various age groups for the rhesus monkeys, in early 
(19-23 years old), advanced (24-28 years old), and oldest (29-35 years old) and was 
compared to the performance of the young adults (<15 years old) on a battery of tasks 
and tests that looked at the cognitive and mnemonic utility including: (1) acquisition of 
delayed non-matching-to-sample task (DNMS); (2) Performance on the DNMS along a 
delay of 120 seconds; (3) the color condition of the DRST; (4)the spatial condition of 
delayed recognition span test (DRST); (5) object reversal learning; (6) spatial reversal 
learning; (7) and the Cognitive Impairment Index (CII) score which is compiled from the 
average of three standardized scores of the DNMS basic task, DNMS 2-minute delay, and 
the DRST spatial condition (Herndon et al 1997). In this study, the early aged and oldest-
aged rhesus monkeys showed a significant impairment in all tasks except for DRST-
color. The most significant impairment was shown in spatial memory (DRST).  However, 
within the literature there have been instances of cognitive performance in aged monkeys 
that are impaired when compared to the performance of the younger monkeys, while 
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some older monkeys appear unimpaired and show non-significant differences compared 
to the young monkeys (Perts 2006). These occurrences are comparable to human aging 
where some individuals can be considered “successful agers” (Leubke et al., 2010).  
In the review by Leubke and colleagues (2010), the location of the area 46 can be 
found in the center and lateral surface of the forebrain of the macaque monkey and 
humans (Fig. 1 A). Area 46 will border near the principal sulcus along nearly the entire 
sulcus, excluding the rostral and caudal tips (Fig 1 B). There are differences in the 
laminae organization and cell size, and distributions in area 46 of the rhesus monkey. If 
moving along area 46 and the principal sulcus it is flanked by area 9, which is involved in 
short term memory and attention processes (Nakai & Matsuo et al., 2005), and below the 
sulcus is area 12 which is responsible for the integration and convergence of processing 
face and objects along with working memory (Welson et al., 1993; Passingham et al., 
2000). Looking at Nissel stained, area 46 will look like a typical granular cortex with 6 
laminae (Fig. 1 C). However, layer 4 will have a smaller soma diameter and is more 
tightly packed. Being able to distinguish the difference between layer 4 and the lower 
border of 3 is difficult due to its less definable borders. The difference is that the soma 
diameter in layer 3 are much larger than layer 4 with more scattering of the larger 
pyramidal neurons in the lower border of layer 3. As layer 3 nears the border to layer 2, 
the cells will become smaller. Layer 2 neurons will have smaller diameters and have a 
much more definable border with layer 1. The border between Layer 5 and 4 is also not 
as easily distinguishable, but the soma diameter of neurons in layer 5 is larger when 
compared to layer 4 (Leubke et al 2010). Defining the border between layer 5 and layer 
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6A is difficult, however, layer 6A cells have a rounder appearance compared to layer 5 
pyramidal cells. The border between layer 6A and 6B can be discerned since cells in 
layer 6B are horizontally aligned neurons, and they will also mix with the myelinated 
fibers of the upper sections of white matter (O’Donnell et al., 1999).  
 
Figure 1 -  Region of Interest for Brodmann Area 46 in the Rhesus Monkey. 
(A) Lateral view of the rhesus monkey brain. The black bar line denotes BA 46. (B) 
Shows a Nissl-stained coronal section of the prefrontal cortex of the monkey where 
the dorsal and ventral banks in BA 46 are visible. The lateral surface of the cortex is 
the principal sulcus (ps) and will divide the area 46 into the dorsal and ventral 
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banks. (C) A Nissl stained section of the lower bank of Area 46 and shows the six 
cortical layers along with white matter (wm) (from Luebke et al., 2010). 
When looking at the changes which occur in area 46 due to age, cell number does 
not change, but small areas of gray matter of the rhesus monkey cortex show a slight loss 
of gray matter from the dorsolateral prefrontal cortex (Alexander et al., 2008). The 
decrease of gray matter volume in area 46 was measured to be 13% loss in cortical area 
46 in the rhesus monkey (Alexander et al., 2008). In another study, the arrangement of 
neurons was digitalizes using the neuronal density map analysis (Cruz et al., 2004), the 
arrangement of neurons in area 46 from rhesus monkeys in the vertical minicolumns was 
measured to be 22 microns wide. The study also showed that with increasing age, the 
“strength” or alignment of neurons in the minicolumns was compromised and 
demonstrated that neurons could be randomly displaced as much as 3 microns. The study 
also demonstrated that decreases in minicolumn strength correlates with age-related 
cognitive impairments. Studies have shown that changes in minicolumn morphology 
correlate with a vast number of neurological impairments; autism (Casanova et al., 
2002a), dyslexia (Casanova et al., 2002b), Alzheimer’s (Chance et al., 2011), 
Schizophrenia (Buxhoeveden et al., 2000b. If structural changes are apparent in 
minicolumns formed by neurons, then other structures near these columns, such as apical 
dendrites, could also show changes due to aging. Given the strength of minicolumns is 
decreasing in normal aging, it is possible that there are also structural/morphological 
changes in dendritic as well.   
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Apical Dendrites and Bundles  
Descriptions of dendritic bundles in the cortex was noted by Peters and Walsh 
(1972). The documentation of the bundles stemmed from Mountcastle’s (1957) initial 
physiological experiments in the somatosensory cortex. Using tangential sections of the 
somatosensory cortex of the rat, “clusters” of apical dendrites were observed in layers IV 
and III, but the number of dendrites making “bundles” was noted to vary between 1 and 
14; these clusters originated from bundles in layer V, and the dendritic bundles where 
followed to cell bodies that were stained using Nissel (Peters and Walsh, 1972). Future 
work helped to conceptualize and organize the general framework for apical dendrites in 
different species (Peter, 2007, Rockland and Ichinohe., 2004). Not only are bundles 
present at cortical layer V, a different bundle originating in layer VI was identified 
(Sakai, 1985; Escobar et al., 1986). Reviewed by Peters (1997), notable differences 
concerning the total number of apical dendrites in the visual cortex was documented to be 
2.5 to 3.4 x 10^3 in the rat, 1.6 x 10^5 in the cat, and 2.9 x 10^6 in the monkey. Dendritic 
bundles physiological importance is still elusive and not fully understood, but potentially 
are an important part of an organizational motif in minicolumns.  
The methodological techniques used to view dendritic bundles have arisen many 
concerns. Previous histological procedures have used the electron microscope, the Golgi 
staining technique, immunohistochemistry staining with microtubule associated protein 2 
(MAP2) and retrograde of lipophilic tracers. The sensitivity and resolution of each 
technique will give varying size, number, and visibility of whether the apical dendrites 
completely transfer through the lamina. This has led to many researchers finding either 
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complete apical dendrites in layer 5 transferring through the entire lamina (Peters & 
Walsh, 1972) while others express skepticism for the traditional “column” term, due to 
the inability to correctly follow the structures from layer 2 through 6 with “solid” borders 
(Rockland, 2010).  
This leads to an important reason for stressing the objective and parameters for 
how to properly quantify the bundles. It has been noted that distance bundles transverse 
through the laminae is examined, however, the statistical size of sample is not (Vercelli et 
al., 2004) A study by Vercelli’s lab (2004), looked at the apical bundle organization using 
retrograde transporter lipophilic tracers in the rat visual cortex. They found that only a 
few apical dendrites would be labeled in a bundle. So, to compensate, they used MAP-2 
immunostained tissue to give a preliminarily quantification of dendritic bundles in the rat 
cortex. In our study, we used MAP-2 staining to identify whether structural differences 
are present in the dorsal and ventral bank of Brodmann area 46. It was noted by Cruz 
(2009), that the correction for tissue shrinkage was not accounted for. The study also only 
looked at minicolumns in the (x,y) plane. In this study, we focused on Brodmann area 46 
and whether there are any apparent structural/morphological changes in the apical 
dendritic structure. Using 3D imaging of minicolumns stained for the neuronal marker 
Neu-N and dendritic bundles stained with MAP-2 in Area 46, we investigated the 
dendritic morphologies in the dorsal and ventral banks in young and old macaque 
monkeys. Observation in the z-plane further helps with looking at a more in-depth 
analysis for structural differences that could be apparent but not previously studied (Cruz 
et al., 2004; Peters et al 1998). Based on the results of Cruz’s and colleagues study 
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(2009), we hypothesize a difference in apical dendritic bundles organization between the 
young and old and between the dorsal and ventral banks in the monkey normal aging 
model.  
METHODS/PUBLISHED STUDIES  
Subjects 
Brain tissue was collected from two young (7-10 years; mean 7.5 years which is 
equivalent to 22.5 years in humans) and three older adult (20-32 years; mean 26.8 which 
is equivalent to 80.4 years in humans) male rhesus that were part of a study investigating 
the effects of normal aging on cognitive function. The animals were procured from Yerks 
National Primate Research Center (YNPRC) at Emory University. The monkey’s 
selection process excluded monkeys whose previous health histories could affect brain 
and cognitive functions.   
Animal Procedure 
The rhesus monkeys were first housed at YNPRC and then transported to Boston 
University Medical Center. Both facilities are properly accredited by the Association for 
the Assessment and Accreditation of Laboratory Animal Care. At the completion of 
cognitive testing, the monkeys are deeply anesthetized and killed by exsanguination 
during transcranial perfusion using 4 liters of fixative that contains 4% paraformaldehyde 
and in 0.1M phosphate buffer (pH 7.4). Once finished with perfusion, the brain was 
immediately blocked, in situ, in the coronal stereotactic plane. Next, one hemisphere was 
cryoprotected in a graded solution culminating with 20% glycerol and 2% DMSO in 
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phosphate buffer (0.1M, pH 7.4). Next the blocks were flash frozen at -80° C and stored 
until cut.   
Region of Interest 
 We selected area 46 of the prefrontal cortex in the lower bank of the sulcus 
principals. Area 46 is a neocortical region that receives multiple inputs from 
somatosensory, visual, visuomotor, motor, and limbic areas (Luebke et al., 2010). With 
the integration of other cortical area, area 46 can mitigate executive functions which 
includes working memory.   
Tissue Processing  
The frozen blocked hemisphere is removed from -80 C and cut in the coronal 
stereotactic plane into eight interrupted series of 30-uM thick sections and one series of 
60 uM so that each series is spaced 300 uM apart. After cutting, one series was mounted 
on slide and stained for Nissel. Cryoprotected sections were removed and thawed in a 
warm water bath for further processing.   
Double-Labeled Fluorescence Immunohistochemistry  
Once the cryoprotected tissue was thawed, sections were rinsed 3 times for 10 
mins in a 0.05 TBS (pH 7.6) solution removed the cryoprotected solution. The tissue was 
then blocked using 10% Normal Goat Serum (NGS) solution 0.05M TBS solution at 
room temperature for 2 hours. The primary antibody used which was conjugated to 
fluorophores Alexa 488 and Alexa 647, at a concentration of 1:1000 for MAP-2(647-
NAB377C3; Novus Biological; Littleton, CO) and Neu-N (488-NB120112678; Littleton, 
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CO) in a 2% NGS and 0.5% Tx solution for 24 hours at 4 degrees Celsius. The following 
day the tissue was washed 3 times for 10 minutes in 0.05 TBS (pH 7.4) and mounted 
using 0.05M PBS mounting buffer solution. The slides were then coversliped using 
DAPCO coverslip serum. Air bubbles were carefully removed to prevent visualizing 
problems. Clear nail polish was applied to the slides in order to keep tissue hydrated and 
to prevent tissues shrinkage. This technique will allow analyzing the morphological 
structures through the x, y, and z-plane.  
Confocal Imaging  
Using a Leica SP8 confocal with a motorized stage, scans were taken of area 46 in 
the lower bank of the principals’ area in the dorsal and ventral stream. Scans were taken 
of the total depth of tissue (in z plane) corresponding to 30um. High resolution confocal 
stacks were acquired from the pia to WM from the ventral and dorsal banks of area 46, 
and stiched using the native Leica software. Alexa 488 and 647 nm wavelength were 
excited, and emissions were read. Neu-N was stained using immunohistochemistry with 
Alexa 488 (magenta) and MAP-2 with Alexa 647 for analyzing apical dendritic bundles 
(green). (Fig. 2,3,4)  
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Figure 2 – Brodmann Area 46 in Dorsal bank of Old Monkey Cortex – (A) 
The region of interest was dorsal area in the rhesus monkey. The coronal section 
was immune-stained using MAP-2 and Neu-N immunohistochemical (IHC) 
techniques. (B) The neurons are in magenta and the apical dendrites are green. The 
white arrows show a apical dendritic bundle. 
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techniques. (B) The neurons are in magenta and the apical dendrites are green. The 
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Figure 3 – Coronal Section of Brodmann Area 46 Ventral bank for Young 
Rhesus Monkey – The region of interest is in the ventral bank of a young monkey 
using immunofluorescence staining procedure dendritic using MAP-2 (in green).  
 
Figure 4 – Coronal Section of Brodmann Area 46 in Dorsal bank in Old 
Rhesus Monkey Cortex – A representative image of the region of interest in the 
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dorsal bank of BA 46. Using MAP-2 (in green) and Neu-N (in magenta) IHC the six 
cortical layers are visible.   
Quantifying Apical Dendrites 
To ensure that bundle length and orientation was properly identified, a 
morphological procedure was implemented to ensure correct and accurate structural 
interpretations of the bundles. For a bundle to be quantified, the lamina was identified by 
looking at soma distribution through the cortex using the combined Neu-N and MAP-2 
labeling and referring to Luebke and colleagues paper for neuronal characteristics in the 
lamina of area 46 in the rhesus monkey (2010). After each lamina was identified, apical 
dendrites were traced using the MAP-2 staining through the z-plane in all layers. Tracing 
was completed using Fiji and the plugin Neurite Tracer (NIH, Bethesda, Md) software. 
First the neuronal soma was identified through the z-stack and outlined. Once the soma 
was constructed, the tracer would begin at the apex of the apical dendrite and traced 
through the entire length of the lamina. If the cell soma was not identified in the z-plane, 
then the apical dendrite was excluded from the analysis.  
After the main branch was traced to its terminal location, bifurcating branches 
from the main dendritic branch which extends from the soma of the cell was later traced. 
Using the software, length and spacing was recorded in microns (Figure 5). 
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Figure 5. Bundle Tracing from Old Rhesus Monkey Cortex in Dorsal Bank – 
Dendritic bundles in 30 um sections were traced through z-plane looking at MAP-2 
stained tissue. The soma was traced first and then apical dendrite projecting from 
soma were traced.  
Data was collected from only apical dendrites whose somas and apical dendrites 
were clearly visible. Collection of inter-bundle distances between layer 6A was collected 
from images in dorsal and ventral bank. Visible bundles from layer 5 pyramidal cells 
were labeled and layer 6A bundles running parallel to layer 5 bundle were identified. The 
distance between the two-layer 6A bundles was quantified using Fiji software. Inter-
bundle spacing was also collected between apical bundles in layer 4 to layer 5 apical 
dendrites on the left side of the bundle. Layer 5 bundle spacing was collected in dorsal 
and ventral areas for young and old cohorts. For each analysis that looked at inter-bundle 
spacing, data from the dorsal and ventral banks was combined to look at correlations for 
overall global changes in BA 46 between young and old.   
Cortical thickness was measured for dorsal and ventral banks of BA 46. The 
cortical thickness was measured in three randomized areas and averaged. The cortical 
thickness in dorsal and ventral regions were measured and compared between young and 
old monkeys. The total cortical thickness for BA 46 was also analyzed which combined 
data from dorsal and ventral areas and looked at any age differences.   
Statistical Analysis 
Two-tailed Independent sample t-test were used for all group comparison; alpha 
was set at 0.05 and all data is expressed as mean ± standard error of the mean (SEM). 
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RESULTS 
 
 As described in the methods section, we examined Brodmann Area 46 
looking at the dorsal and ventral banks of sulcus principalis in young (N=2) and old 
(N=3) rhesus monkeys. Due to loss of tissue integrity during the immunohistochemistry 
procedure, only two monkeys for the young cohort was used for analyzing apical 
dendritic morphology. In both cohorts, dendritic bundle length for layers 2 through layers 
6A was measured. The bundles of interest where traced through the x, y, and z plane all 
the way to its terminal point. Dendritic bundles in each layer where identified based on 
Neu-N staining which determined laminae in the cortex. The MAP-2 staining was then 
used to determine the location of apical dendrites in the cortex. Once the lamina for 
layers 2 through 6A was determined, each traced bundle was categorized based on the 
location of their soma in the laminae. Apical dendrites in cortical layers for the ventral 
and dorsal banks were traced and quantified with a numerical value provided by the 
neurite tracer plugin from calibrating confocal stacks. 
Area 46 
  We acquired digital images from ROI from area 46 in the dorsal and ventral banks 
of the sulcus principalis. Area 46 in the rhesus monkey exhibits complex connections 
with visual, visuomotor, somatosensory, motor, and limbic systems (Leubke., 2010). This 
area is also responsible for cognition and executive functions, which usually declines 
with age. First, we looked to see if there were any spacing differences for inter-bundle 
distance in layer 4 and 5 for Area 46. No significance was found in Area 46 for inter 
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bundle spacing distances between young and old groups (young; 45.72334±2.038075, 
n=16, old; 35.68323±1.935479, n=24) (Figure 6). 
 
 
Figure 6 - The total inter-bundle spacing for BA 46 between young and old 
cohorts. No significant difference was present between young and old inter-bundle 
spacing between bundles in layer 4 and Layer 5. 
Next, we looked inter-bundle spacing differences for bundles in layer 5 between 
young and old monkeys. We found that there was a significant increase in intra-bundle 
spacing in age for all of area 46 between young and old (young; 28.11828± 1.343655, 
n=20, old; 38.09154±0.459372, n=30, p>0.009) (Figure 7). 
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Figure 7 - Inter-Bundle Spacing combined dorsal and ventral banks of BA 46 
of young and old. Significant increase in inter-bundle distance was observed in the 
older monkeys (*) p < 0.05. 
Finally, we examined layer 6A inter-bundles space between young and old 
monkeys for area 46. The inter-bundle spacing between layer 6A was determined based 
off the presence of layer 5 apical dendritic bundle between the two bundles. Layer 6A 
bundles would also need to give off apical dendritic processes that synapsed with either 
layer 5 pyramidal cell bodies or to the apical dendritic bundles in layer 5. No significance 
was noted for inter-bundle spacing between young and old monkeys (young; 
41.61385±1.9, n=16, old; 55.44167±1.9, n=24, p>0.05, Figure 8). 
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Figure 8 – Overall Analysis of combined dorsal and ventral banks of BA 46 
in layer 6A. No significance was noted between ages for inter-bundles distance at 
layer 6A. 
Dorsal and Ventral Banks  We examined region differences in ventral and dorsal bank between old and young monkeys. During normal aging Area 46 is susceptible to changes which includes the dorsal and ventral banks. Since it has been reported that minicolumn strength in the ventral bank of older monkeys’ exhibit loss of strength, or vertical orientation, we investigated whether were region specific differences were present for apical dendritic morphology.  
Apical dendritic length in layers 2 through 6A was measured in the ventral and 
dorsal banks of Area 46. Figure 5 shows how all dendritic length appeared when traced 
using the Fiji plugin software. Apical dendritic length in the dorsal bank for layers 2 
through 6A for young and old rhesus monkey was measured. There were no significant 
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differences in dendritic length between young and old rhesus monkeys for layer 2 in the 
dorsal bank. (Young; 165.986±5.8, n=7, Old; 234.3651±9.7, n=17), layer 3 (Young; 
257.6886±4.5, n=10, Old; 299.7951±8.5, n=15), Layer 4 (young; 347.4108±8.8, n=9, old; 
270.8595±22.8, n=19), layer 5(young; 739.2154±31.3, n=7, old; 580.2816±47.2, n=11) 
and layer 6A (young; 219.8214±21.9, n=9, old; 394.45±81.2, n=11) (Table 1). Figure 9 
shows how the apical dendritic lengths were distributed in the dorsal bank between young 
and old groups.  
 Layer 2, 
n=7 
Layer 3, 
n=10 
Layer 4, 
n=9 
Layer 5, 
n=7 
Layer 6, n=9 
Young 
(N=2) 
165.986±5.8 
257.6886±4.
5 
347.4108±8
.8 
739.2154±3
1.3 
219.8214±21
.9 
Age 
Layer 2, 
n=17 
Layer 3, 
n=15 
Layer 4, 
n=19 
Layer 5, 
n=11 
Layer 6, 
n=11 
Old (N=3) 
234.3651±9.
7 
299.7951±8.
5 
270.8595±2
2.8 
580.2816±4
7.2 
394.45±81.2 
 
Table 1. Apical Dendritic Length Measurements in Dorsal Bank in Young 
and Old Monkeys / Bundle measurements for dorsal bank in area 46 for young 
(N=2) and old (N=3) rhesus monkey. (N represents the number of monkeys in group 
and n represents the number of bundles analyzed).  
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Figure 9 - Apical Bundle Length in Dorsal Bank -Shows Comparison of 
bundle length in the dorsal bank of BA 46 between young and old. No significance 
present between dendritic length for old and young monkeys. 
In Table 2, all dendritic length measurements were analyzed and compared 
against age in the ventral bank for young and old. The apical dendritic length in ventral 
bank did not show any significant differences between layer 2 (young; 154.048 ± 17.8, 
n=7, old; 193.1241±19.8, n=9), layer 3 (young; 240.8946±26.8, n=8, Old; 299.7951±19, 
n=11), layer 4 (young; 299.3225±7 n=10, old; 261.2473±36, n=27), layer 5 (young; 
736.1108±57.2, n=15=, Old; 632.7655±49.3, n=17) and layer 6A (young; 333.555±55.4, 
n=5, Old; 242.1773±26.46288, n=11). Figure 10 Shows the distribution of apical bundle 
length for each layer between young and old cohorts.  
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 Layer 2, n=7 Layer 3, n=8 
Layer 4, 
n=10 
Layer 5, 
n=15 
Layer 6, n=5 
Youn
g 
(N=2) 
154.048 ± 
17.8 
240.8946±26.
8 
299.3225±7  
736.1108±57.
2 
333.555±55.4
,  
 Layer 2, n=9 Layer 3, n=11 
Layer 4, 
n=27 
Layer 5, n=17 Layer 6, n=11 
Old 
(N=3) 
193.1241±19.
8 
299.7951±19 
261.2473±3
6,  
632.7655±49.
3 
242.1773±26.
5 
 
Table 2. Apical Dendritic Length Measurements in Ventral Bank for Young 
and Old Monkeys – Quantitative analysis for bundle length in MAP-2 
immunostained sections from layer 2 to layer 6 of BA 46 in ventral bank. (N 
represents the number of monkeys in group and n represents the number of bundles 
looked at).  
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Figure 10 - Apical Dendritic Length in Ventral Bank – Shows comparison for 
the length of layer 2-6A in ventral bank between young and old. There was no 
significance between young and old monkeys for apical dendritic length in the 
ventral bank of Area 46. 
Next, we examined whether region differences were present between dorsal and 
ventral banks against age. Laminae 4 and 5 were identified and measurements were taken 
between 4 bundles to investigate whether inter-bundles spacing increased with age (Table 
3). Measurements in the dorsal bank did not show any significance (young; 
34.71854±4.767803, n= 8; old; 53.05987±0.8135, n=12) (Figure 11A). For the ventral 
bank, no significance was present between young and old cohort (young; 
38.99136±4.550972, n=8; old 33.47781±2.253108, n=12) (Figure 11B). 
 
Figure 11 A, B - Inter-Bundle Spacing between Layer 4 and 5 – (A) Shows 
the inter-bundle spacing between bundles from 4 and 5 in the dorsal bank. (B) The 
inter-bundle spacing between bundles in the ventral bank.  
 
Age  
Inter-bundle 
Average in 
Dorsal (n=8) 
Inter-Bundle 
Average in 
Ventral 
(n=8) 
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Young (N=2) 34.71854±4.8 38.99136±4.6 
  
Inter-bundle 
Average in 
Dorsal (n=12) 
Inter-Bundle 
Average in 
Ventral 
(n=12) 
Old (N=3) 53.05987±0.8 33.47781±2.3 
 
Table 3. Inter-Bundle Spacing between Apical Bundles at layer 4 and 5 in 
young and old monkey – Quantified inter-bundle spacing in young and old cohorts 
for spatial differences. (N represents the number of monkeys in group and n 
represents the number of bundles looked at).   
 
Inter-bundle distance between layer 5 for ventral and dorsal bank was measured. 
The measurement averaged five randomized distances along two bundles that were 
parallel to each other in layer 5 in the ventral and dorsal bank. We then tested for 
significance between the young and old for bundle spacing distance against age. No 
significance was seen in bundle distance for the dorsal bank (young; 25.74136±1.072989, 
n= 10, old; 37.66414±0.691011, n=15) (Figure 12B). There was also no significant 
increase in intra-bundle spacing in age for the ventral bank at layer 5 
(30.49519±1.822991, n=10, old; 38.51893±0.186648, n=15) (Figure 12A).  
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Figure 12. A, B – Inter-bundle Spacing at Layer 5 (A) Shows spacing in the 
ventral bank between young and old.  (B) Inter-bundle spacing in dorsal bank 
between layer 5.  
 
Age  
Layer 6A 
Dorsal 
Inter-
Bundle 
Average 
(n=10) 
Layer 
6A 
Ventral 
Inter- 
Bundle 
Average 
(n=15) 
Young 
(N=2) 
48.3515± 34.5877± 
2.2 1.5 
    
    
Age 
Layer 6A 
Dorsal 
Inter-
Bundle 
Average 
(n=15) 
Layer 
6A 
Ventral 
Inter- 
Bundle 
Average 
(n=15) 
Old (N=3) 
59.09727± 51.9784± 
5.7 1.9 
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Table 4. Inter-Bundle Quantification of Spacing between Layer 6A in the 
Rhesus Monkey for Young and Old – The measurements where collected and 
analyzed for young and old rhesus monkeys looking at one image per animal. All 
sections were z-projected to allow for maximum visibility through each lamina. (N 
represents the number of monkeys in group and n represents the number of bundles 
analyzed). 
 
Table 4, depicts the quantitative measurements of all inter-bundle distances 
between young and old cohort in layer 6A. Five bundles where analyzed for each image 
and data grouped by either young or old. For the dorsal bank, no significant differences 
were noted between both age groups (young; 48.3515±2.2, n=8, old; 59.09727±5.6, 
n=12) (Figure 13A). A significant difference was observed between ages for ventral bank 
in layer 6A (young; 34.5877±1.5, n=8, old; 51.9784±1.8, n=12, p<0.05, Figure 13B). To 
asses if there were any overall significances for the total BA of 46, dorsal and ventral 
bank, data sets was combined for young and old and then averaged. 
 
 
33  
Figure 13 A, B – Inter-bundle Distance for Layer 6A for Young and Old. (A) 
Inter-bundle Distance for Layer 6A in the dorsal bank of Area 46 between young 
and old cohorts. (B) Inter-Bundle distance in ventral bank. Significance shown with 
(*) p < 0.05 using Student’s T-test. Lastly, cortical thickness was assessed for young and old for dorsal and ventral 
bank of BA 46. Cortical thickness was measured by taking measurements from the top of 
the pia in each section and measured through layer 6A (Table 5). No significance was 
noted in the dorsal bank (young; 1585.78±57.4, n=10, old; 1380±65.6, p>.05). The 
ventral bank was also measured for cortical thickness and no significance was present 
(young; 1575.685±119, n=10, old; 1334.413±50.6809, n=15). 
 
 Dorsal 
Thickness 
(n=10) 
Ventral 
Thickness 
(n=15) 
Young (N=2) 1585.78± 
57.36488 
 
 
1575.685± 
119.9085 
 
Old (N=3) 1380.093± 
65.6883 
1334.413± 
50.6809 
 
 
Table 5. Cortical Thickness for Dorsal and Ventral Bank in Young and Old – The 
table shows the measured thickness taken in dorsal and ventral bank. Quantitative 
analyzes was performed to note for significance. Measurements were taken on one 
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image per animal for young (N=2) and old (N=3). (N represents the number of 
participants in group and n represents the number of samples looked at). 
Significance shown with (*) p < 0.05 using Student’s T-test. 
 
DISCUSSION 
 
In the current study, we investigated the organization and morphological 
characteristics of apical dendrites from neurons which organize into dendritic bundles in 
the prefrontal cortex of the of young and old rhesus monkey. Our study is unique since 
we are looking not only at 2 dimensions (x, y plane) but also the apical dendrites in the z-
plane in young and old rhesus monkey in Area 46, prefrontal cortex. Using double 
labeling for dendrites using MAP-2 antibody and neurons using Neu-N antibody, we 
were able to properly assess the apical dendritic bundles and their individual dendrites 
through the lamina for layers 2 through 6A in 3D.   
Since cognitive decline is a prominent feature of aging (Moscovitch and Winocur, 
1995; West, 1996; Gallagher and Rapp, 1997; Rapp and Gallagher, 1997), anatomical 
changes at the cellular level maybe contributing to the deficits observed. It was proposed 
that cognitive decline was due to cellular loss in the cortex, however, evidence has now 
shown that neuronal count stays relatively stable throughout aging in the macaque 
monkey and humans (Peters et al., 1996; Morrison and Hof, 1997; Peters et al., 
1998a; Hof et al., 2000; Mortazavi et al., 2017). It has been noted that a decrease in 
minicolumn strength in BA 46 for the ventral bank correlated with a decrease in cognitive 
performance in the rhesus monkey (Cruz et al., 2009), we sought to investigate if there 
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were also any structural differences, specifically in apical dendrites morphology and 
inter-bundle spacing for young and old rhesus monkeys in dorsal and ventral bank of 
Area 46 which is critical for executive functioning.   
When looking at apical dendritic length in ventral and dorsal bank for young and 
old rhesus monkeys, no significant changes were detected. Looking at this in the context 
of aging, this shows that throughout aging, the length for apical dendrites stays relatively 
stable and show no significant changes. In the study by Alexander and colleagues (2008), 
gray matter in area 46 showed a 13 percent decrease in cortical area in the rhesus 
monkey. To investigate whether lamina thickness could show disparities from aging, we 
measured cortical thickness in the dorsal and ventral bank. Our results showed no 
changes in cortical thickness between young and old groups. This means that cortical 
thickness is comparable to the consistencies for no changes in length for apical dendrites 
in the laminae. Since differences in cortical thickness and dendritic bundle length was 
absent between age, it is possible that more finite changes are occurring at a structural 
level for bundle characteristics. The sample size in the current study was rather small 
therefore it is important to investigate further these findings in a larger sample. 
Looking at inter-bundle spacing between layer 6A in the ventral and dorsal bank, 
we found an increase in spacing for the older monkeys compared to the young in the 
ventral bank of Area 46. Interestingly, differences were reported in columnar strength 
only in the ventral bank (layer 3) in older monkeys (Cruz et al., 2009). Even though we 
looked at different layers and structures, a similar trend can be seen for disturbances 
between minicolumn and apical bundle spacing in the ventral bank. In our study and 
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Cruz’s and colleagues study (2009), the ventral bank in area 46, seems to be more 
susceptible to anatomical changes at within the lamina. Area 46 in the ventral bank 
receives a major source of connectivity from the visual cortical association system (Jones 
and Powell., 1970; Barbas, 1985; Webster et al., 1994). The ventral bank is pivotal in 
understanding the importance of a visual stimulus means at hand. Area 46 is also co-
activated with the intraparietal cortex with visuomotor functions (Friedman and 
Goldman-Rakic, 1994). This means that disturbance in the ventral bank of area 46, may 
lead to impairments in task that involve visual-motor understanding. The dorsal bank of 
Area 46 obtains its majors connections from auditory association areas (Leubke et al., 
2010). These projections from the prefrontal areas to the auditory association cortices are 
thought to provide selective auditory hearing for relevant information while suppressing 
unnecessary distractors (Barbas et al., 2005). Behavioral studies in humans who have 
lesions in the dorsolateral prefrontal cortices exhibit errors with auditory discrimination 
tasks in the presence of distracting stimuli (Chao and Knight., 1998). 
We also measured inter-bundle spacing in the dorsal and ventral banks for 
bundles 5 and 4. This measurement looked at whether spacing dimensions in apical 
dendritic bundles would show an increase in spacing in the aged group. Our results did 
not find any significant differences between the older and younger groups. Total area 
inter-bundle spacing for BA 46 for bundles 5 and 4 was measured between young and old 
with no significant changes detected. These results could indicate that inter-bundle 
spacing in layer 4 and 5, are resistant to the effects on normal aging in this region of the 
brain.  
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Lastly, the intra-bundle spacing between layers 5 was measured. We examined 
the distance between two bundles in layer 5 which would correlate between the spacing 
in two separate minicolumns in the neocortex. Inherently, for inter-bundle spacing for BA 
46 which combined dorsal and ventral banks, significant differences were noted between 
young and old. The young cohort showed a decrease in spacing globally compared to the 
older group. This could be indicative that further differences are present within the dorsal 
and ventral banks. We ran separate analysis for dorsal and ventral bank and compared 
significance between young and old. No noticeable changes where present between the 
dorsal and ventral banks for young and old cohort, however, a larger sample size should 
be included in future studies. Layer 5 dendritic bundle spacing along with minicolumn 
with also saw a significant increase in spacing for autism in association areas 11, 40, and 
41 (McKavanagh et al., 2015). Their study looked more specifically at autistic human 
brains and proposed that association areas are more susceptible to increased anatomical 
differences in minicolumns and dendritic spacing. As seen previously in other studies, a 
change in minicolumn organization has been noted in humans with autism (McKavanagh 
et al., 2015) aging monkeys (Cruz et al., 2003, 2009).  
Future Directions  
For future studies it would be interesting to measure intra-bundle distance at 
varying levels to bundles in layer 5. Since layer 5 bundles can run perpendicular through 
the lamina to the pia it serves as a good base for any deviations that are present in the 
cortical layers. Based off the decrease in minicolumn strength in the ventral bank 
correlating with a decline in memory and learning seen in older monkeys at layer 3(Cruz 
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et al., 2003, Cruz et al 2009), we would expect to see differences that would correlate 
with an increased inter-bundle spacing at layer 3. Area 46 shows a decrease in gray 
matter volume in older rhesus monkeys (Alexander et al 2008) and we did not see any 
difference in cortical thickness in our data. Since we did use a large sample size, we did 
not control for sample size bias. We controlled for sex by only running morphological 
tracings on males. It has been noted that for humans, males have a higher chance for 
developing dementia compared to females (Murphy et al., 1996). Our sample size in the 
current studies was small, but these series of quantitative measurements in 3D provide 
evidence for subtle changes in structural organization in normal aging. Future studies 
should consider larger sample size and application of tissue clearing methods (such as 
CLARITY) to acquire larger sampling for the regions of interest.  
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